INTRODUCTION
Independent transgenic lines generated with the same construct often vary >100-fold with respect to transgene expression levels (Jones et al., 1985; Peach and Velten, 1991; Holtorf et al., 1995) , and gene silencing is frequently observed. Recently, great progress has been made in elucidating the molecular mechanisms of gene silencing. Silencing is caused by epigenetic effects rather than alterations of the transgene sequence: it either results from abolished transcription of the introduced gene (transcriptional gene silencing [TGS] ) or the degradation of transgene RNA (posttranscriptional gene silencing [PTGS] ).
PTGS is established during plant development and may spread systemically, and after meiosis, the process is reset. Conversely, TGS is mitotically and meiotically heritable, but reversion has been observed. Methylation of transgene sequences has often been found in silenced lines. Methylation of the transcribed region of the transgene is associated with PTGS, whereas methylation of promoter sequences points to TGS (summarized in Vaucheret et al., 1998) . Small RNAs in sense and antisense orientations (small interfering RNAs [siRNAs] ) specific for the transcribed transgene sequence are a molecular hallmark of PTGS (Hamilton and Baulcombe, 1999) . Similarly, a correlation between siRNAs specific for the promoter region and TGS has been described (Mette et al., 2000; Sijen et al., 2001) .
Epigenetic regulation has been studied extensively in transgenic systems, but gene silencing is not restricted to transgenes. PTGS and the related process RNA interference require a set of related proteins in protozoa, fungi, plants, and animals. This suggests an ancient origin for these RNA silencing pathways that probably evolved as defense mechanisms against viruses and transposons (summarized in Zamore, 2002) . Furthermore, it is becoming increasingly apparent that the siRNA-related microRNAs (miRNAs), produced by and feeding into similar pathways as siRNAs, play an important role in endogenous gene regulation (summarized in Bartel and Bartel, 2003) .
With the plant transformation methods currently used, it is neither possible to introduce a defined number of transgenes into the genome of a higher plant nor feasible to target efficiently the foreign DNA to specific positions in the genome. As one result, repeat arrangements and truncated and/or rearranged transgene copies are often observed in transgenic lines. Hence, independent transgenic lines differ in respect to number, arrangement, and position of transgene copies they harbor in the genome.
The study of a large set of petunia (Petunia hybrida) transformants carrying Chs sense transgenes showed that neither position effects by flanking plant DNA sequences nor readthrough from such sequences were the primary determinant of silencing (Jorgensen et al., 1996) . Silencing was frequently associated with repetitive T-DNA structures (Jorgensen et al., 1996 ; summarized in Muskens et al., 2000) , but neither inverted repeat T-DNA configurations nor arrangements of tandemly repeated transgenes as such were sufficient to trigger transgene silencing . Two distinct modes of silencing may account for these findings. On the one hand, a causal relationship between transcribed inverted repeat structures and silencing has been documented (Waterhouse et al., 1998; Chuang and Meyerowitz, 2000; Mette et al., 2000; Sijen et al., 2001) . RNA capable of duplex formation is processed to siRNA, and homologous mRNA is targeted for degradation. RNA-directed de novo methylation of cytosine residues is often observed within regions of RNA-DNA sequence identity. Thus, compelling evidence exists that RNA/ RNA and RNA/DNA interactions mediate PTGS and TGS in plants (summarized in Matzke et al., 2001 ). On the other hand, several studies lent support to the hypothesis that silencing is triggered by threshold concentrations of transgene transcript or another product of transgene expression (Lindbo et al., 1993) , for example, the frequency of silencing positively correlated with the promoter strengths of introduced genes (Que et al., 1997) , and silencing was more pronounced in homozygous than in corresponding hemizygous plants (summarized in Vaucheret et al., 1998) .
It remains to be shown whether the described silencing phenomena fully account for the very pronounced variability of transgene expression level in populations of transgenic plants, especially because apparently conflicting results were reported when the analysis of transformants was devoted to the study of transgene expression level. On the one hand, it has been proposed that variability of transgene expression level among transformants may be attributable to different positions of transgene integration (Jones et al., 1985; Peach and Velten, 1991; Day et al., 2000) . On the other hand, the analysis of a small number of single-copy T-DNA transformants did not reveal evidence that transgene transcript levels were affected by position effects (Hobbs et al., 1990) . Direct proportionality between transgene copy number and expression level has been reported (Stockhaus et al., 1987; Hobbs et al., 1993; Ku et al., 1999) , whereas several other studies described a correlation between silencing and high transgene doses and/or repeat arrangements of transgenes (Hobbs et al., 1990; Jorgensen et al., 1996; Que et al., 1997) .
A systematic study of transgene expression in Arabidopsis thaliana enabled us to determine to what extent number and arrangement of transgene copies, the position of T-DNA integration in the genome, and transgene nature contribute to the variability of transgene expression and/or cause silencing. The results obtained identify transcript level-mediated PTGS as the main cause for the large variability in transgene expression seen among transformants and predict an important role for the described RNA sensing mechanism in genome defense.
RESULTS

No Case of Silencing Because of Site of T-DNA Integration
For a comprehensive study of transgene expression, derivatives of pMDL-T-DNA were introduced into Arabidopsis by Agrobacterium tumefaciens-mediated transformation. The T-DNAs harbored a chimeric neomycin phosphotransferase (NPT) gene conferring kanamycin resistance and reporter gene cassettes of various kind and number. The reporter gene cassettes consisted of the 35S promoter of Cauliflower mosaic virus (CaMV) (Pro 35S ), a modified V-leader of Tobacco mosaic virus, the coding sequence of a reporter gene, and the 39-untranslated region of the octopine synthase gene (ocs39) . The genes for b-glucuronidase (GUS) (Jefferson et al., 1986) , streptomycin phosphotransferase (SPT) (Maliga et al., 1988) , and green fluorescent protein (GFP) (Siemering et al., 1996; Haseloff et al., 1997) were used as reporters ( Figure 1A ). The different T-DNAs were designated according to kind, number, and orientation of the reporter genes they harbored ( Figures 1A and 1B) . The direction of transcription of the reporter gene was either pointing toward the left (r-constructs) or right border (f-constructs). T-DNAs containing different repetitive sequences from Arabidopsis (MartinezZapater et al., 1986; Simoens et al., 1988; Thompson et al., 1996; Wanzenbö ck et al., 1997) immediately upstream of the GUS gene ( Figure 1C ), a promoterless copy of the GUS gene (DGUS, Figure 1D ), or the GUS reporter gene under the control of the nopaline synthase promoter (Pro NOS ) were also introduced into Arabidopsis (NOS-GUS, Figure 1E ).
Molecular and genetic analyses established 157 single-copy transgenic lines harboring MDL-T-DNA derivatives. Plants homozygous for the T-DNA were identified for 149 lines, the remaining eight lines carried gametophytic or embryo lethal defects. The T-DNA insertions of 107 lines were mapped on the sequence maps of the Arabidopsis chromosomes and were found distributed on all five chromosomes. Two of the insertions were located in the pericentromeric heterochromatin of chromosome I .
Seeds of homozygous single-copy T-DNA lines were germinated on kanamycin-containing medium, and resistance of the resulting seedlings to kanamycin was evaluated to assess NPT gene expression under the control of the weak nopaline synthase promoter in subsequent generations. For each of 132 independent transgenic lines, progeny of several homozygous plants (3 to 29 per line) derived from consecutive generations (2 to 7) were assayed. On average, 651 seedlings per line were analyzed, and only fully kanamycin-resistant seedlings were observed. Thus, among the transgenic lines tested, not a single case of silencing of the NPT gene because of site of T-DNA integration in the genome was identified. However, it should be noted that our selection of primary transformants on kanamycincontaining medium would preclude recovery of any insertions in which the NPT gene was subjected immediately to TGS.
Comparable Transgene Expression Levels in Independent
Single-Copy T-DNA Transformants Fluorometric assays were used to quantify reporter gene expression of 12 independent single-copy T-DNA lines that harbored GUS 1x T-DNAs ( Figure 1A ). Repeated GUS activity measurements of 2-week-old and 8-week-old plants homozygous for the GUS 1x T-DNAs revealed high and stable expression throughout plant development and different generations for all lines. Given that the plants were grown and analyzed under identical conditions, similar GUS activity values were established for independent transgenic lines: twofold differences in expression level were the highest observed in the vast majority of cases tested (data not shown).
A comparison of GUS transcript levels revealed a similarly low variability between independent transgenic lines ( Figure 2) . Likewise, only small differences of steady state transcript levels were found when independent transgenic lines carrying two copies of the SPT or GFP reporter genes were compared. The results shown in Figure 2 are representative for 19 lines containing SPT transgenes and 21 lines harboring chimeric GFP genes. GFP fluorescence measurements provided further evidence that twofold differences in transgene expression level were the highest observed for independent single-copy T-DNA lines. The results for eight lines, each homozygous for a GFP 1x T-DNA ( Figure 1A ), are exemplified in Figure 3A . Repeated GFP fluorescence measurements documented stable expression throughout plant development and different generations for independent lines (data not shown), consistent with the results obtained for lines harboring two copies of the GUS gene. (A) T-DNAs carrying one copy of a particular chimeric reporter gene cassette. The different T-DNAs were derivatives of vector pMDL-T-DNA that harbored a chimeric NPT gene under the control of Pro NOS near the left border (LB). HindIII fragments corresponding to GFP, SPT, and GUS reporter gene cassettes were inserted in both orientations into the HindIII site of vector pMDL-T-DNA to generate constructs GFP 1x, SPT 1x, and GUS 1x. The maps of the f-constructs in which the transcription of the reporter gene was pointing toward the right border are shown. The reporter gene cassettes consisted of the CaMV 35S promoter (Pro 35S ), a modified Tobacco mosaic virus V-leader (shown as a white horizontal bar), the coding sequences of a reporter gene, ocs39, and Tn5 sequences (depicted as a black vertical bar). (B) T-DNAs carrying reporter genes in a tandem arrangement. The maps of the f-constructs in which the direction of transcription of the reporter genes was the same as that of the NPT gene are given. (C) T-DNAs carrying repetitive elements from Arabidopsis upstream of the GUS reporter gene. Construct GUS 1xr pAL contained two copies of the 180-bp HindIII tandem repeat (Martinez-Zapater et al., 1986) . GUS 1xr 501 and GUS 1xr 502 carried one and two copies, respectively, of the 500-bp HindIII tandem repeat (Simoens et al., 1988) . A fragment corresponding to the intergenic spacer of rDNA sequences (Wanzenbö ck et al., 1997) was present in T-DNA vector GUS 1xr rDNA. In constructs GUS 1xr 163 and GUS 1xr 164, the sequences cloned upstream of the CaMV 35S promoter corresponded to different dispersed repetitive sequences (Thompson et al., 1996) . Using the ocs39 sequences common to all three reporter genes ( Figure 1A ) as probe for RNA gel blot and slot blot analyses, it was possible to compare steady state transgene transcript levels of lines harboring two copies of the GUS, GFP, or SPT genes. Without exception, GUS-containing lines had lower steady state transgene transcript levels than lines carrying SPT or GFP genes (Figure 2 ), even though the three reporter genes were driven by the same regulatory elements.
Neither Transgene Repeat Arrangements nor Vicinity to Repetitive Elements Affect Reporter Gene Expression Levels
All transgenic plants harboring two copies of a GUS gene under the control of the CaMV 35S promoter had a comparable expression level, regardless of whether the copies were present at the same locus of the homologous chromosomes (39 lines; Figure 3B , GUS 1xr 30 * and GUS 1xr 69 * ), at two different loci (F1 progeny derived from 17 crosses of different homozygous lines; Figure 3B , GUS 1xr 30 and GUS 1xr 69), or at one locus as a tandem repeat (20 lines; Figure 3B , GUS 2xr 123 and GUS 2xr 125). Furthermore, plants homozygous for the GUS/DGUS r T-DNA ( Figure 1D ) that harbored a promoterless copy of the GUS gene next to a copy under the control of the CaMV 35S promoter showed as high GUS activity ( Figure 3B , GUS/DGUS r 117 and GUS/DGUS r 133) as plants containing only two highly expressed copies of the GUS gene. Thus, a direct repeat arrangement of transgene sequences did not affect reporter gene expression. This finding was corroborated by the expression analysis of 15 transgenic lines homozygous for T-DNAs with two or three copies of the SPT gene in a tandem arrangement. High SPT transcript levels were found in all cases ( Figure 4A ; data not shown).
It was analyzed whether the presence of Arabidopsis repetitive sequences immediately upstream of the GUS gene would affect reporter gene expression. All 27 transgenic lines harboring different repetitive elements in the immediate vicinity of the promoter sequences of the GUS gene ( Figure 1C ) showed high and stable GUS expression ( Figure 3C ; data not shown). Moreover, expression levels of homozygous lines harboring repetitive sequences adjacent to the GUS gene were as high as the values of GUS 1xr lines ( Figure 3C ). Notably, this was also the case for line GUS 1xr rDNA 125, for which the site of T-DNA integration had been mapped to the pericentromeric heterochromatin of chromosome I .
The study of 115 independent transgenic lines and progeny of 17 crosses among different transformants documented a low variability of transgene expression between plants carrying the same copy number of a particular reporter gene, irrespective of the arrangement of the transgenes and the position of integration in the genome.
Below a Certain Number of Transgene Copies under the Control of the CaMV 35S Promoter in the Genome, a Positive Correlation between Gene Copy Number and Expression Was Observed
Comparative expression analysis of hemizygous and homozygous plants harboring one or two copies of the GUS gene, respectively, was performed for 35 transgenic lines. On average, the expression level of plants containing two copies of the GUS gene was approximately twofold higher than in plants with one copy. The results for two lines are shown in Figure 3B (GUS 1xr 30 and GUS 1xr 69). Similar results were obtained for 16 independent transgenic lines when hemizygous and homozygous plants harboring one or two copies of the GFP gene, respectively, were assayed for GFP fluorescence ( Figure 3A ; data not shown).
Intercrosses of independent transgenic lines containing one ( Figure 1A ) or two GFP genes at one locus were performed to generate plants harboring different copy numbers of the GFP gene. Analysis of plants containing one to four copies of the GFP gene revealed a positive correlation between the number of transgenes in the genome and the expression level ( Figure 4B ). This was also noted when SPT transcript levels of transgenic lines harboring two (9 lines), four (9 lines), or six copies (6 lines) of the SPT gene were compared ( Figure 4A ; data not shown). 
RNA gel blot analyses of plants carrying GUS ([A] and [B])
, SPT (A), or GFP (B) genes. Hemizygous plants were assayed for line GUS 2xf 113; in all other cases, 8-week-old homozygous plants were examined. The blots were hybridized with a probe corresponding to the ocs39 end and with a probe derived from Arabidopsis actin genes 2 and 8 .
Above a Certain Number of Identical Transgene Copies under the Control of the CaMV 35S Promoter in the Arabidopsis Genome Gene Silencing Was Triggered
High GFP transcript levels were observed for plants harboring up to four copies of the GFP gene, whereas GFP transcripts were barely detectable in 8-week-old plants carrying five or more RNA gel blot analyses of 8-week-old plants harboring different copy numbers of the SPT (A), GFP (B), or GUS genes (C). Transgenic lines homozygous for a particular T-DNA locus or progeny plants derived from crosses among homozygous transgenic lines or with wild-type plants were analyzed. For each line, numbers of transgene copies present in the genome and at the different T-DNA loci are given. Forward slashes separate copies of a particular locus that are present on the homologous chromosomes, and dashes divide copies of different loci. Single plants were analyzed for GFP reporter gene expression, whereas leaves of several plants were pooled for the analysis of SPT and GUS transcript levels. The resulting blots were hybridized with probes corresponding to the different reporter genes and with a probe derived from Arabidopsis actin genes 2 and 8 . (A) Results of GFP fluorescence measurements of 8-week-old transgenic plants containing one and two copies of a GFP 1x T-DNA ( Figure  1A ) are shown as white and gray bars, respectively. Average values of GFP fluorescence/mg protein obtained for homozygous and hemizygous plants of eight independent lines are indicated by a dotted and a dashed line, respectively. (B) Results of GUS activity measurements of 8-week-old transgenic plants harboring one and two copies of the GUS reporter gene under the control of the CaMV 35S promoter are shown as white and gray bars, respectively. Either transgenic lines homozygous for a particular T-DNA were analyzed, or F1 progeny derived from crosses of homozygous transgenic lines among each other or with wild-type plants. T-DNAs GUS 1xr, GUS 2xr, and GUS/DGUS r (Figure 1) are abbreviated G, G/G, and G/DG, respectively. Different loci are divided by dashes, and asterisks mark plants homozygous for a particular T-DNA. (C) Arabidopsis repetitive sequences adjacent to a GUS gene did not influence reporter gene expression. Transgenic lines homozygous for a single copy of T-DNA GUS 1xr ( Figure 1A ) and derivatives thereof that contained different repetitive elements in the immediate vicinity of the GUS reporter gene ( Figure 1C ) were analyzed for GUS activity at the age of 8 weeks.
reporter genes ( Figure 4B ). GFP fluorescence was only observed in plants with high GFP transcript levels (data not shown). Thus, the combination of five or more transgene loci under the control of the CaMV 35S promoter resulted in silencing of the GFP gene.
A comparison of SPT transcript levels of plants that harbored 2, 4, 6, 9, or 12 copies of the SPT gene revealed that the amount of SPT transcripts in 8-week-old plants harboring 9 or 12 copies of the SPT gene was severely reduced when compared with those of lines carrying two, four, or six transgene copies. SPT gene silencing was associated with the appearance of truncated transcripts ( Figure 4A ).
Plants harboring three or more copies of the GUS gene under the control of the CaMV 35S promoter revealed a pronounced reduction of GUS transcript level and activity when compared with lines with two copies (Figures 4C and 5A ). Silencing was triggered regardless of whether the reporter gene copies under the control of the CaMV 35S promoter were present at one locus as a tandem repeat (12 lines), at the same locus of the homologous chromosomes (25 lines), or at different loci (progeny derived from 23 crosses of different homozygous lines) ( Figures  4C, 5A , and 5B; data not shown). By contrast, plants harboring one or two promoterless copies of the GUS gene or one or two GUS genes under the control of the weak nopaline synthase promoter in addition to two transgenes under the control of the CaMV 35S promoter showed GUS activity as high as plants containing only two highly expressed copies of this gene ( Figures  3B and 5B) . Hence, the presence of at least three GUS genes under the control of the CaMV 35S promoter was a prerequisite for the onset of GUS gene silencing.
siRNAs specific for the transcribed region of the reporter genes were only detected in plants displaying transgene silencing ( Figures 5C and 5D ). These results are consistent with a posttranscriptional mechanism of gene silencing (Hamilton and Baulcombe, 1999) . This finding was corroborated by methylation studies. Methylation of AluI sites located in the transcribed region of the GUS gene ( Figure 5E ) was only found in plants that displayed GUS gene silencing. The use of different probes confirmed that methylation in silenced lines was restricted to the transcribed region of the transgene (data not shown). Likewise, evidence for methylation of Bsp143II sites located in the transcribed region of the SPT gene was only observed in plants showing SPT gene silencing ( Figure 5F) .
A high transcript level conferred by multiple copies of a particular reporter gene under the control of the CaMV 35S promoter resulted in RNA silencing; however, the copy number at which silencing was triggered was different for the GFP, GUS, and SPT genes (Figure 4) .
Variability of Transgene Expression between Different Leaves and among Isogenic Plants
Plants containing three or four copies of the GUS gene showed silencing, but the mean GUS activity was in many cases not as low as in plants harboring 6 or 12 GUS genes, especially when 2-week-old plants were analyzed. Colorimetric and quantitative GUS assays of single explants and/or plants revealed that these differences reflected a deviating onset of silencing among isogenic plants and between leaves of a plant. This is exemplified for 5-week-old plants harboring loci GUS 1xf 60 and GUS 1xf 110 homozygously ( Figure 6A ). Analysis of the same set of plants at the age of 5 and 9 weeks revealed loss of GUS activity throughout development ( Figure 6A) .
To compare the onset of silencing in plants that carried the same number of GUS genes, but which differed in transgene expression levels, we exploited the finding that plants harboring loci GUS 1xr 30 and GUS 1xr 69 had higher GUS transcript and activity levels than those carrying loci GUS 1xf 60 and GUS 1xf 110 (Figure 2A ; data not shown). In plants harboring two copies of the GUS gene, evidence for reduced GUS expression was noted in single 9-week-old plants carrying loci GUS 1xr 30 and GUS 1xr 69, whereas all plants containing loci GUS 1xf 60 and GUS 1xf 110 showed high expression ( Figure  6A ). Almost no GUS activity was found in 5-week-old plants carrying four of the more highly expressed GUS gene copies, whereas high GUS activity was observed for several explants of plants harboring four of the GUS gene copies conferring a lower expression level ( Figure 6A ). Thus, we noted that the onset of silencing was generally earlier in plants in which more highly expressed loci had been combined.
Evidence for the commencement of silencing during development was also found for lines displaying silencing of the SPT or GFP genes. For example, high expression was found in 2-weekold plants harboring 12 copies of the SPT gene, whereas 8-week-old plants displayed silencing ( Figure 4A ; data not shown). Moreover, analysis of plants harboring six copies of the GFP gene for GFP fluorescence revealed patterns of GFP fluorescence consistent with the systemic spread of silencing ( Figure 6B ; data not shown).
DISCUSSION
Populations of independent lines transformed with the same T-DNA construct have been indispensable to the analysis of the extent of transgene expression variability and/or gene silencing, but the use of different experimental systems often yielded apparently conflicting results, and different hypotheses have been put forward to explain this phenomenon. Additionally, case studies of transformants have provided a detailed description of specific transgene insertions in silenced petunia and tobacco (Nicotiana tabacum) lines (Prö ls and Meyer, 1992; Iglesias et al., 1997) . However, case studies are not suitable for drawing general conclusions because it is impossible to judge the frequency at which insertion events, such as the ones described, occur.
Therefore, we have chosen to conduct a systematic and comprehensive study of transgene expression in Arabidopsis. This analysis enabled us to determine to what extent number and arrangement of transgene copies, the position of T-DNA integration in the genome, and transgene nature contribute to the variability of transgene expression and/or cause silencing. However, the approach we have taken was not suitable to assess the effect of truncated and/or rearranged T-DNA copies on transgene expression.
Neither Position Effects, Repetitive Elements, nor Repeat Arrangements of Transgenes per se Account for the Large Variability of Transgene Expression Seen among Transformants
To assess the influence of the position of T-DNA integration on transgene expression, expression analysis was focused on 79 independent, single-copy T-DNA lines mapping to different positions in the Arabidopsis genome. Without exception, differences in expression levels less than twofold were found between plants harboring two copies of a particular transgene under the control of the strong CaMV 35S promoter (Figures 2 and 3) in agreement with data from a small number of single-copy transgenic lines in tobacco (Hobbs et al., 1990) . Thus, the documented several 100-fold differences in expression level (e.g., independent transgenic tobacco and Arabidopsis lines harboring GUS genes under the control of the CaMV 35S promoter [ Figure 5 ]; Hobbs et al., 1990; Holtorf et al., 1995) cannot be attributed to position effects. These results are especially noteworthy because the Arabidopsis and tobacco genomes markedly differ in size (Arumuganathan and Earle, 1991) . However, genomic sequences flanking transgene insertion sites can significantly influence expression of lowly transcribed transgenes as is evident from studies of transgenic lines carrying enhancer trap T-DNA constructs (Campisi et al., 1999) .
In Drosophila melanogaster, a clonally inherited variegated expression pattern is observed when genes are translocated from a euchromatic environment into the vicinity of heterochromatin (Wakimoto, 1998) . In our work, analysis of reporter gene expression revealed stable expression of the NPT gene under the control of the weak nopaline synthase promoter in all 132 transgenic lines tested, regardless of the positions of T-DNA (A) GUS activity assays revealed silencing of the GUS gene in transgenic lines harboring three or more copies of the GUS reporter gene under the control of the CaMV 35S promoter. Extracts were prepared from F1 progeny plants derived from crosses among homozygous transgenic lines harboring T-DNAs GUS 1xr, GUS 2xr, and GUS 3xr. The results for 2-week-old and 8-week-old plants are shown as light and dark gray bars, respectively. Copy numbers of GUS genes in the genome and at the different T-DNA loci are indicated for the different plants. Dashes divide copies of different loci. (B) Lowly expressed GUS genes do not trigger transgene silencing. Either transgenic lines homozygous for a particular T-DNA were analyzed, or F1 progeny plants derived from crosses of homozygous transgenic lines among each other or with wild-type plants. Light and dark gray bars indicate the results for 2-week-old and 8-week-old plants. T-DNA loci GUS 2 * xr 114, DGUS 1xr 102, NOS-GUS 1xr 111, and NOS-GUS 2xr 108 are abbreviated G:G, DG, nG, and nG/nG, respectively. Construct GUS 2 * xr is a derivative of construct GUS 2xr that contains the SPT reporter gene cassette as a spacer between two GUS reporter gene cassettes under the control of the CaMV 35S promoter in a tandem arrangement. Different loci are divided by dashes, and asterisks mark plants homozygous for a particular T-DNA. integration in the Arabidopsis genome. Remarkably, position effects by flanking plant DNA sequences were also ruled out as the primary determinant of silencing in P. hybrida (Jorgensen et al., 1996) , a species that has a genome ;10-fold larger than that of Arabidopsis (Arumuganathan and Earle, 1991) . Plants containing two GUS genes in the pericentromeric region of chromosome I (GUS 1xr rDNA 125 and GUS 2xr 126) showed similarly high expression levels when compared with other transgenic lines harboring two copies of the GUS reporter gene in other parts of the genome. Moreover, repetitive sequences from Arabidopsis, some of which contribute to heterochromatic regions (summarized in Schmidt, 1998) , did not affect transgene expression when placed immediately upstream of the GUS gene, regardless of whether high-copy tandem repeat sequences (Martinez-Zapater et al., 1986) or less common dispersed repetitive elements (Thompson et al., 1996) were analyzed ( Figure 3C ).
We cannot rule out the possibility that a subset of T-DNA insertions might have been immediately subjected to TGS. Such events would not have been recovered in our study because all primary transformants were initially selected for expression of the NPT gene. The results of our study are nevertheless of broad significance because expression of a selectable and/or screenable marker is the basis for identification of transgenic plants in nearly all experiments in which transgenic plants are generated for use in biotechnology and academic research.
Given the high frequency of genes in repeat arrangements in the Arabidopsis genome (Arabidopsis Genome Initiative, 2000) , it is particularly important to assess whether repeat structures per se influence gene expression. Transcribed inverted repeat structures have been found to trigger gene silencing efficiently (Waterhouse et al., 1998; Chuang and Meyerowitz, 2000; Mette et al., 2000; Sijen et al., 2001) . Thus, in transgene populations in which inverted repeat T-DNA structures result in read-through transcripts capable of duplex formation, such T-DNA arrangements may contribute significantly to gene silencing, whereas inverted repeat T-DNA structures unlikely to produce doublestranded RNA (dsRNA) did not mediate reporter gene silencing . In none of 37 transgenic Arabidopsis lines studied in the context of this work did a direct repeat arrangement of transgene sequences alter reporter gene expression. Gene silencing of transgene copies arranged as concatemeric array was observed in Drosophila (Dorer and Henikoff, 1994) but not for all genes studied (Clark et al., 1998) , clearly documenting that transgene repetitiveness as such is not sufficient for gene silencing in Drosophila, similar to our findings in Arabidopsis.
These results rule out that the position of transgene integration, vicinity to repetitive element sequences, and repetitive transgene arrangements per se are major determinants of the high variability of transgene expression in independent transformants.
Silencing by Surpassing a Threshold
It is important to determine the influence of gene copy number on expression because only 35% of the predicted protein-coding genes are single copy in the Arabidopsis genome (Arabidopsis Genome Initiative, 2000) , and gene copy number changes are particularly frequent events in plant genome evolution (summarized in Schmidt, 2002) .
We have documented a direct proportionality between transgene copy number and expression for the three reporter genes tested (Figures 3 and 4) unless the copy number of the introduced genes exceeded a gene-specific threshold (Figures 4  and 5) ; in these cases, silencing was observed. These findings reconcile the seemingly contradictory data that were obtained in previous studies of different transgene populations in plants. On the one hand, a positive correlation between transgene copy number and expression was reported (Stockhaus et al., 1987; Hobbs et al., 1993; Ku et al., 1999) ; on the other hand, many transformants containing multiple copies of an introduced gene showed low levels of transgene expression and/or silencing (Hobbs et al., 1990; Jorgensen et al., 1996) .
Methylation and siRNAs specific for the transcribed regions ( Figure 5 ), onset and systemic spread of silencing during development (Figure 6 ), and meiotic reversibility of the process (data not shown) have been documented for the silenced transgenes studied in this work. All these features support a posttranscriptional mechanism of gene silencing (summarized in Vaucheret et al., 1998; Hamilton and Baulcombe, 1999) . Plants harboring two GUS transgenes under the control of the CaMV (A) Difference in the onset of silencing among plants harboring four copies of the GUS gene under the control of the CaMV 35S promoter. Colorimetric GUS activity assays were performed for transgenic plants that were either hemizygous or homozygous for two different GUS 1x T-DNA loci. Two leaf discs per plant were analyzed, and the results for a particular plant at the age of 5 and 9 weeks are shown underneath each other. The intensity of the blue staining reflected the GUS expression level.
(B) Systemic spread of GFP gene silencing in a 6-week-old plant homozygous for three different GFP 1x T-DNA loci. Fluorescence was detected using different filter sets. Red corresponds to chlorophyll fluorescence, whereas the green signal is specific for GFP fluorescence. The leaf marked by an arrow did not show any GFP fluorescence.
35S promoter showed silencing in the enhancer of gene silencing2 mutant background (D. Schubert and R. Schmidt, unpublished results) consistent with the result that PTGS is more efficient in this mutant than in wild-type plants (Dehio and Schell, 1994) .
Because stable expression and silencing of reporter genes did not correlate with the orientation of the reporter genes relative to the T-DNA vector in the transgenic lines studied in this work (data not shown), the possibility that unintended T-DNA vector antisense transcripts act as triggers for silencing is excluded. The GUS, GFP, and SPT reporter genes were controlled by the same set of regulatory elements ( Figure 1A ), yet silencing was observed at a different copy number threshold for the three transgenes (Figure 4) . These results, taken together with the observation that silencing was neither triggered by promoterless copies nor copies of the GUS gene under the control of the weak nopaline synthase promoter ( Figures 3B and 5B ), made clear that it is equally unlikely that unintended antisense transcripts derived from the reporter gene cassettes contribute to gene silencing in the lines studied. A central role has been proposed for dsRNA in RNA silencing (summarized in Vaucheret et al., 2001) ; however, because dsRNA does not appear to be a direct product of the highly transcribed transgenes studied in this work, we infer that dsRNA is produced by another means, for example, by the RNAdependent RNA polymerase encoded by the SGS2/SDE1 gene (Dalmay et al., 2000; Mourrain et al., 2000) . Vaucheret et al. (2001) proposed that SGS2/SDE1, as well as SDE3, SGS3, and AGO1, are essential for the production of dsRNA in transgenic lines displaying PTGS of highly transcribed transgenes, whereas transgene loci producing dsRNA do not have this requirement. Our results are consistent with this model.
Several lines of evidence suggest that sense RNA-mediated silencing is triggered by threshold concentrations of transgene transcript or another product of transgene expression. First, silencing susceptibility depended on transgene dose rather than on the interaction of alleles at the same locus (Figures 4 and 5) . Second, promoterless copies or copies of the GUS gene under the control of the weak nopaline synthase promoter failed to trigger silencing ( Figures 3B and 5B) . Third, comparisons of plants harboring the same number of GUS genes but differing in expression levels revealed an overall earlier onset of silencing in plants in which more highly expressed loci were present ( Figure  6A ). The findings that the frequency of silencing positively correlates with the promoter strengths of introduced genes (Que et al., 1997) and that silencing is more pronounced in homozygous than in corresponding hemizygous plants (summarized in Vaucheret et al., 1998 ) also support the model that sense RNAmediated silencing is triggered by threshold concentrations of transgene transcript or another product of transgene expression. Furthermore, the threshold model is consistent with results of gene expression studies of full-length Adh transgenes in Drosophila (Pal-Bhadra et al., 2002) .
The Nature of the Coding Regions Determines Gene-Specific Thresholds
In the transgenic lines studied in this work, the GUS, GFP, and SPT reporter genes were controlled by the same set of regulatory elements ( Figure 1A) . Nonetheless, lines containing two copies of the GUS transgene had lower steady state transgene transcript levels than lines carrying two copies of the SPT or GFP genes (Figure 2) . Thus, silencing was not only triggered at a different copy number threshold for the three transgenes (Figure 4 ) but also at different steady state transcript levels. This reveals that the nature of the coding region is an important determinant of the gene-specific threshold for the onset of silencing and that differences between genes are recognized by an RNA sensing mechanism.
The GFP, GUS, and SPT coding sequences have different contents of guanine and cytosine (GC) residues (44.7, 52.2, and 68.4% GC content, respectively). However, no correlation between the GC content of the coding sequences and the copy number threshold at which the different transgenes were silenced (Figure 4 ) was observed. The GFP and SPT transgenes have an almost identical transcript length, yet silencing was triggered at different copy numbers for these transgenes ( Figure  4) . Thus, transcript length and GC content of coding sequences are unlikely to be primary determinants of the gene-specific threshold.
Arabidopsis genes cluster into two groups that differ in codon usage. In highly expressed genes, a C is preferentially found at the codon silent sites, whereas in genes with lower expression levels a T is predominantly used (Mathé et al., 1999) . The SPT, GFP, and GUS open reading frames carry C at ;44, 34, and 31% of codon silent sites, respectively. Adaptation of GFP gene codon usage toward a higher proportion of codons with a C or a G in the third position resulted in a more frequent occurrence of highly expressing plants in a population of transgenic lines (Rouwendal et al., 1997) . It is tempting to speculate that codon usage plays a role in determining the gene-specific silencing threshold.
Less than 10-fold reduction in steady state RNA level was found for silenced GUS transgenes, whereas GUS activity was reduced >100-fold when compared with plants with stable GUS reporter gene expression (Figures 4 and 5) . A reduced protein/ transcript ratio has also been documented for posttranscriptionally silenced NPT transgenes (Van Houdt et al., 1997) . Possibly, these findings suggest that PTGS operates through translational inhibition as well as by siRNAs directing cleavage of complementary RNAs. In view of the recent findings summarized below, it will be important to assess whether the reduced protein/ transcript ratio in lines harboring posttranscriptionally silenced GUS and NPT genes might be brought about by a dual role of siRNAs. The Caenorhabditis elegans miRNA let-7 functions in translational repression by partially base pairing to the 39-untranslated region of target mRNAs but is also capable of directing cleavage of a perfectly complementary target mRNA (Hutvá gner and Zamore, 2002) . Conversely, siRNAs can function in a similar way to miRNAs via translational repression if they do not contain perfect complementary target sequences (Doench et al., 2003) . In Arabidopsis, several miRNAs match targets with a high degree of sequence complementarity. Like siRNAs, they direct the cleavage of their target RNAs (summarized in Bartel and Bartel, 2003) . By contrast, miRNA172, which is highly complementary to a region in the mRNA of APETALA2, regulates expression of this Arabidopsis floral homeotic gene primarily through translational inhibition rather than by RNA cleavage (Aukerman and Sakai, 2003; Chen, 2004) .
Based on our comprehensive study of highly transcribed transgenes, we propose the following model that is immediately relevant to all overexpression studies in Arabidopsis and to studies that exploit gene fusions to GFP and GUS (e.g., for localization). The expression of highly similar genes is additive unless transgene transcript levels exceed a gene-specific threshold and consequently trigger PTGS. Positive gene dosage effects and, in particular, the stochastic onset of silencing effectively account for the large variability of transgene expression seen among transformants. Reduced protein/mRNA ratios in silenced lines may also contribute to the observed large differences in transgene expression. Thus, the use of weaker promoters and/or appropriate modification of codon usage should result in a reduced variability of transgene expression in populations of transformants. It may be equally useful to transform transgenes of interest into mutants with impaired PTGS (Butaye et al., 2004) or into lines expressing proteins that suppress PTGS (Vaucheret et al., 2001) . Importantly, our data indicate that a sensitive monitoring system suitable to identify cells exhibiting transgene silencing would allow for an efficient screening of plants showing high and stable transgene expression. Such a system would be exceptionally valuable for the analysis of transgenic lines in research and biotechnology.
The transgene system described mimics the effects of gene copy number changes that have been particularly frequent events in plant genome evolution (summarized in Schmidt, 2002) . Endogenous genes should have become adapted such that transcript threshold levels are not exceeded, but it is tempting to speculate that the RNA sensing mechanism would counterbalance an excessive amplification of highly transcribed genes. Studies of the natural Chs mutants Red Star and Velvet Picotee that both contain a tandem arrangement of two closely linked almost identical Chs genes support the hypothesis that changes in copy number of endogenous genes may also be subject to the RNA sensing mechanism. Posttranscriptional silencing of the Chs genes in these mutants resembles Chs transgene silencing in several respects (Stam et al., 1998) . The RNA sensing mechanism may play a particularly important role as a genome surveillance system capable of defending a genome against molecular parasites, such as transposons and viruses.
METHODS T-DNA Constructs
The SPT, GFP, and GUS reporter gene cassettes were retrieved as HindIII fragments from plasmids SLJ1491 (Jones et al., 1992) , pMDL-mgfp5-ER, and pMDL-GUS , respectively. The GFP reporter gene cassette was cloned into the HindIII site of pMDL-T-DNA to generate plasmids GFP 1xf and GFP 1xr ( Figure  1A ). Constructs SPT 1xf, SPT 1xr, SPT 2xf, SPT 2xr, and SPT 3xf ( Figures  1A and 1B) were established by cloning one to three copies of the SPT reporter gene cassette into pMDL-T-DNA. One to three copies of the GUS reporter gene cassette were cloned into pMDL-T-DNA to generate constructs GUS 1xf, GUS 1xr, GUS 2xf, GUS 2 * xf, GUS 2xr, GUS 3xf, and GUS 3xr ( Figures 1A and 1B) . In construct GUS 2 * xr, the SPT reporter gene cassette has been inserted between two copies of the GUS reporter gene. Several constructs were made that harbored repetitive Arabidopsis thaliana sequences in the HindIII site immediately upstream of the CaMV 35S promoter sequences of construct GUS 1xr ( Figure 1C ). The 360-bp HindIII fragment containing two copies of the 180-bp HindIII tandem repeat sequence was retrieved from vector pAL (Martinez-Zapater et al., 1986) . One copy and two copies of the 500-bp HindIII tandem repeat sequence (Simoens et al., 1988) were present in constructs GUS 1xr 501 and GUS 1xr 502, respectively. Two different dispersed repetitive element sequences were retrieved as HindIII fragments from clones 163A and 164A (Thompson et al., 1996) . To generate construct GUS 1xr rDNA, a 4.8-kb XhoI/XbaI fragment corresponding to the intergenic spacer of the rDNA sequences (Wanzenbö ck et al., 1997) was cloned immediately upstream of the CaMV 35S promoter sequences. Construct GUS 1xr was digested with XhoI and subsequently religated to yield a T-DNA vector that carried a promoterless GUS reporter gene (DGUS 1xr, Figure 1D ). The Pro 35S :GUS:ocs39 reporter gene cassette was cloned into the HindIII site of vector DGUS 1xr to establish construct GUS/DGUS r ( Figure 1D ). The SalI/XhoI fragment from vector pMDL-GUS , which contained the CaMV 35S promoter sequences, was replaced with an SmaI/SalI fragment corresponding to Pro NOS sequences to yield a plasmid carrying a Pro NOS :GUS:ocs39 reporter gene cassette. The Pro NOS :GUS:ocs39 reporter gene cassette was cloned as a HindIII fragment into pMDL-T-DNA to generate constructs NOS-GUS 1xr and NOS-GUS 2xr ( Figure 1E ).
Molecular-Genetic Analysis of Transgenic Plants
The different T-DNA vectors were used for Agrobacterium tumefaciensmediated transformation of Arabidopsis Columbia-0 and single-copy T-DNA lines were identified as described Lechtenberg et al., 2003) . Integrity of the reporter gene cassettes was evaluated for plants of different generations using DNA gel blot and PCR analyses. This study demonstrated the stable inheritance of the different T-DNA insertions. The plant growth conditions have been described previously . Germination of seeds in the presence of kanamycin revealed plants homozygous for a single-copy T-DNA locus. A plant homozygous for a particular T-DNA was crossed with a wild-type plant to yield progeny hemizygous for this locus. Intercrosses of different homozygous transgenic lines were performed to combine different T-DNA loci. PCR analyses were used to establish the presence of the different T-DNA loci in the progeny plants.
Expression Analysis of Transgenic Lines
RNA preparations and RNA gel blot analyses were performed as previously described . Hybridization results were quantified with a phosphor imager. For each transgenic line, the ratio of the transgene and actin gene specific signals was calculated. Glucuronidase activity was analyzed using either colorimetric or fluorometric assays (Jefferson et al., 1986) . For fluorometric measurements, two different protein extracts were prepared from 5 to 10 small rosette leaves of up to 10 plants for each transgenic line, and two aliquots were assayed for each of the extracts to determine protein concentration and GUS activity. Protein concentrations of plant extracts were determined spectrophotometrically using the Bio-Rad protein assay (Bio-Rad, Richmond, CA) based on the Bradford method. Fluorescence of 4-methylumbelliferone (4-MU) was measured with excitation at 360 nm and emission at 455 nm with the Versa-Fluor fluorimeter (Bio-Rad). Calibration of the instrument was performed using freshly prepared standards of 4-MU in 0.2 M Na 2 CO 3 . For each transgenic line, the mean of four GUS activity measurements and the according standard deviation were calculated. GUS activity is given as nmol or pmol 4-MU/min/mg protein. A fluorometric assay was performed to assess GFP fluorescence quantitatively . For each transgenic line, two different protein extracts were prepared from 10 to 15 small rosette leaves of up to 10 plants, and the mean of four fluorescence measurements and the standard deviation were determined. GFP fluorescence is given as relative fluorescence units/mg protein. A fluorescence stereomicroscope (Leica MZ FL III, GFP2 filter set [excitation at 480 nm and emission at 510 nm], GFP3 filter set [excitation at 470 nm and emission at 525 nm]; Leica, Mannheim, Germany) was used to detect GFP fluorescence in transgenic plants.
